This study was designed to determine whether a quantitative analysis of integrated backscatter amplitude distribution is potentially useful in characterizing the atherosclerotic lesion. One hundred measurements (10 x 10 array) were made in fresh aortic regions (2 cm X 2 cm) of nine normal and 19 atherosclerotic arterial walls. A 10 MHz transducer was used. The integrated backscatter distinguished normal from atherosclerotic specimens (-56.7 + 4.3 vs -42.5 + 8.9 dB, p < .01). The shape of the integrated backscatter amplitude distribution was analyzed by calculation of skewness and kurtosis of each arterial region. Both skewness values (0.134 + 0.325 vs -0.193 + 0.491 in normal and atherosclerotic segments, respectively, p = NS) and kurtosis values (0.055 0.765 vs -0.610 0.379, p < .01) discriminated between the two groups. When only the six atherosclerotic specimens with mostly fatty and fibrofatty sites were considered, skewness and kurtosis still distinguished normal from atherosclerotic regions (0. 134 0.325 vs -0.404 + 0.232, p < .05 and 0.055 + 0.765 vs -0.558 ± 0.337, p < .05, respectively), while integrated backscatter values did not (-56.7 ± 4.5 vs -52.3 ± 6.1 dB, p = NS). In conclusion, atherosclerosis may be detected in vitro by the quantitative analysis of integrated backscatter distribution. This variable could also be of help in the identification of less obvious forms of atherosclerotic disease that are not distinguishable on the basis of integrated backscatter amplitude.
MANY ATTEMPTS have recently been made to characterize tissues by the evaluation of variables of the frequency histogram of reflected echo amplitudes from specific regions of interest identified on the B-scan image.1' 2 In particular, a quantitative analysis of regional two-dimensional echocardiographic gray level distributions may be used to successfully discriminate normal from pathological conditions in experimental settings in which a simple evaluation of the echo amplitude is not adequate for such separation.' Furthermore, the slope of a gray-level histogram, when compared with the mean echo amplitude, is probably less dependent on potential sources of artifact that may be present in the clinical setting, such as differing transducer angulations or selective attenuation from various From the Istituto di Fisiologia Clinica -CNR, Istituto tissues interposed between the transducer and the target organ.'
In vitro, the main constituents of the atherosclerotic plaque (fibrous, lipidic, and calcified tissues) can be identified by means of ultrasonic indexes applied to either attenuation3 or backscatter`and based on the analysis of the radiofrequency signal.
The aim of this study was to obtain quantitative data in vitro on the regional frequency distribution of reflected echo amplitudes of the radiofrequency signal from the internal structure of normal and atherosclerotic aortic walls.
Materials and methods
Experimental procedure. Specimens of fresh arterial wall were taken from human aortas at autopsy and those used for the study were diseased, but not grossly calcific, atherosclerotic regions along with regions, whenever possible, of relatively normal tissue. Specimens with macroscopic calcification were not used in this study. Ultrasonic examination was started immediately after excision.5
Excised samples of aorta were cut down the anterior midline, opened flat, and mounted on a squared, metallic, hollowrimmed sample holder with pins around its periphery and placed in a distilled water bath at a constant temperature of 200 C. This device provided stabilization of the tissue sample and eliminated interference with ultrasonic measurements. The ultrasonic transducer was kept on a metallic holder that allowed it to move horizontally in each direction, always maintaining the same focal distance and orthogonal angulation from the aortic sample.
Once the ultrasonic studies were completed, each specimen was removed from the water bath and prepared for histologic examination.
Ultrasonic technique. Ultrasonic measurements were obtained with the system shown in figure 1 . It comprises a single broad-band transducer (Aerotech, model gamma, 15 MHz nominal frequency, 0.5 cm diameter, 8.5 cm focal distance, 2 cm focal length) acting as both transmitter and receiver. In this study we set this transducer to operate over the frequency range of 4 to 14 MHz, with an actual center frequency of about 10
MHz. The use of a small-diameter transducer reduces the phase cancellation artifacts caused by phase-sensitive transducers.7 The ultrasonic beam width (4 mm evaluated at -3 dB) was determined at 10 MHz (continuous-wave signal) by means of a metallic Rayleigh reflector. The transducer was excited with a broad-band pulser/receiver (Panametric, model 5052 PR).
The sample holder was placed in the focal zone of the ultrasonic beam. The mounted tissue sample was analyzed ultrasonically at 100 discrete sites. The scanning of the specimen was performed under computer control, by means of two stepping motors. In this way a two-dimensional movement of the transducer over the region of interest was accomplished.
A square matrix of 100 sites (10 x 10) was obtained for each specimen, every point being 2 mm apart from the other (figure 2). The received signal was captured with a transient recorder (Tektronik, model 7912 AD, conversion rate of 10 nsec, 9 bits of amplitude resolution) and entered into a microcomputer for analysis.
Analysis of ultrasonic data. The backscatter analysis involved a tissue volume approximately equal to the product of the beam area and the thickness of the specimen. During data acquisition, the gate length was fixed at 5 gsec, which corresponds to a tissue thickness of about 4 mm. Such a gate length allows digitization of echoes from the full thickness of the specimen. Therefore, both echoes backscattered from the internal structure of the specimen and specular echoes from watertissue interface are available in the computer.
The purpose of the present study was to obtain quantitative ultrasonic data from the internal structure of the aorta only. A masking operation was therefore required to cancel specular echoes from the ultrasonic signals recorded in the computer. The masking operation was performed on each ultrasonic record under computer control. Because specular echoes from watertissue interface have a time duration that approximates the transmitted pulse length (about 400 nsec), the mask length was of 40 data points (the time distance between two data points is 10 nsec). After the masking procedure, tissue thickness was mea- sured by means of a micrometer for each of the sites studied ultrasonically.
Each masked ultrasonic record was normalized to the thickness of the corresponding site. Thus, the measurement obtained was independent of biological variability in wall thickness. Integrated backscatter was calculated by summation of the squares of the amplitude of the radiofrequency data and expressed in units of decibels below the level of the integrated backscatter obtained from a nearly perfect reflector (a stainless steel plate) at the focus of the transducer.
A 10 x 10 site array covering the approximately 2 x 2 cm specimen of aortic wall was selected on the basis of the following considerations. The full beam width at the -3 dB point level in the focal zone of the transducer was 4 mm at 10 MHz. Measurements spaced by one-half of the beam width have been shown to represent statistically independent measurements.'
One hundred measurements provide a reasonable amount of data for the adequate estimation of statistical parameters based on the frequency distribution of integrated backscatter. Thus, measurements spaced at 2 mm provided 100 independent measurements that served to characterize the frequency distribution of integrated backscatter from normal and atherosclerotic arterial regions.
The distribution of integrated backscatter amplitude present in each region of interest was displayed as a histogram showing the frequency of occurrence of each amplitude level within that region. The width of each interval was 5 dB; the number of points of data lying in each interval was totaled and the results were depicted in the form of a histogram. Twenty-eight histograms were generated: nine from normal and 19 from atherosclerotic regions that were not grossly calcific. A quantitative analysis of the shape of distribution was performed by the observation of skewness and kurtosis9: skewness refers to the asymmetry of the shape of the distribution, and kurtosis to the "peakedness" of the distribution relative to the length and size of its tails. Regarding kurtosis, a normal distribution is termed mesokurtotic, increased kurtosis values signify increased peakedness of the distribution (leptokurtotic), and decreased kurtosis values signify flattening and broadening of the distribution (platikurtotic).
Pathologic examination. After ultrasonic measurements were made, each aortic region was studied histologically with Weigert-Van Gieson stain. According to generally accepted criteria, five pathologic subsets were identified: normal aortic walls, fatty plaques (characterized by the accumulation of lipids in the intima), fibrofatty plaques (usually characterized by a fibrous cap and a lipid core), fibrous plaques (wall thickened by connective tissue), and calcified plaques (walls in which the atheromata were calcified).
Since 100 discrete sites were histologically analyzed for each region, the relative prevalence of each of the main pathologic subtypes of the plaque is reported as a percentage (values are rounded off to the nearest 5%).
Statistical analysis. The significance of differences between the integrated backscatter amplitudes of normal and atherosclerotic regions was calculated by unpaired t test.
The significance of differences between skewness and kurtosis of normal and atherosclerotic regions was evaluated by Welch's test for unequal variances.
Results
Pathologic characterization identified two groups of regions, the normal (table 1) and the atherosclerotic (table 2). The pathologic findings for atherosclerotic regions are reported in table 3. Eight regions (Nos. 1, 2, 3, 4, 7, 9, 13, and 18) had a significant number of calcific sites; another five regions (Nos. 11, 14, 16, 17, and 19) had extensive fibrosis. Microscopic calcification was arbitrarily defined as significant when it covered 5% or more of the total sites; fibrosis was considered extensive when it covered 50% or more of the total sites.
For each region, the values for the integrated backscatter (mean + SD), skewness, and kurtosis are reported in tables 1 (normal regions) and 2 (atherosclerotic regions). Values for each one of these parameters separated the normal from the entire pool of the atherosclerotic specimens: integrated backscatter, -56.74 ± 4.3 vs -42.52 + 8.9 dB, p < .01; skewness, 0.134 ± 0.325vs0.193 + 0.491,p< .05;kurtosis, 0.055 ± 0.765 vs -0.610 + 0.379, p < .05. The decrease in values for kurtosis noted in atherosclerotic regions signified the change to a flatter, broader distribution; the change in skewness represented a more "asymmetrical" distribution. A further analysis was performed to compare the normal specimens with two subsets of atherosclerotic specimens (table 4), the 11 noncalcified samples and the six without either calcifi- tion of these histological subtypes is possible both with quantitative5 6 and qualitative"s'2 ultrasound. This distinction, made by examination of integrated backscatter, skewness, and kurtosis, was also maintained when comparing the normal with the 11 noncalcific atherosclerotic specimens (table 4 ). However, when only the six atherosclerotic specimens without significant calcification or extensive fibrosis were considered, skewness and kurtosis still separated normal from atherosclerotic specimens, while integrated backscatter values did not (table 4) . Representative histograms of the frequency distribution of the integrated backscatter are shown in figures 3 and 4. The histogram in figure 3 is derived from a normal aortic region. A large number of relatively low levels of backscatter amplitude is seen, with a rapid fall-off in the frequency of higher values for integrated backscatter. Figure 4 shows a histogram from an atherosclerotic region. A change in the shape of distribution, when compared with that in the normal region shown in figure 3 , is qualitatively evident. In this particular case, due to a relatively balanced distribution of fibrofatty sites (which show backscatter values higher than normal) and fatty sites (showing backscatter values lower than normal), the mean value for integrated NORMAL Integrated Backscatter (dB) FIGURE 3. Frequency of occurrence of aortic sites (ordinate) that exhibited a particular value of integrated backscatter (abscissa) for a normal arterial region. 1096 backscatter was similar to that from the normal region.
However, the increased frequency of both higher and lower integrated backscatter values resulted in a marked change in the shape of distribution (much more flat and asymmetrical than the more peaked and symmetrical distribution in the normal region). A gray-scale picture of a representative normal and atherosclerotic specimen is displayed in figure 5 . It is apparent that a more pronounced heterogeneity of gray level distribution is present in the pathologic sample.
Discussion
Frequency distribution of backscattered signals from atherosclerotic samples is different than that of signals from normal regions, and can be effectively described with the use of simple quantitative parameters.
In normal regions, minimal site-to-site variability in histologic architecture would be expected. On the other hand, in atherosclerotic plaque, at least three different types of tissuewith different histologic and ultrasonic featuresare represented: fatty, fibrofatty, and fibrous. Furthermore, in each of the three types of tissue, a marked pathologic variability is recorded13: even in the same fibrofatty plaque, the relative amounts of fibrosis and fat deposition can vary from point to point, and such subtle gradations cannot be properly quantified histologically.
The statistical parameters we used required the evaluation of a 2 cm x 2 cm square region of aortic wall, which is relatively large considering that ideally the data will eventually be applied to the setting in vivo. However, a region of this size had to be investigated since the spacing between adjacent measurements could not be closer than 2 mm due to the diameter of the transducer focal zone (4 mm): independent adjacent measurements can be obtained only when there is a spacing of at least one-half of the beamwidth. 8 We NL ATS FIGURE 5. Gray-scale frequency distribution from 100 sites based on ultrasonic backscatter from representative normal (NL, left) and atherosclerotic (ATS, right) arterial walls. A 64-shade gray scale is used, representing -73 to -16 dB (the lowest and the highest values for the two pooled samples). The atherosclerotic wall tends to exhibit higher backscatter values when averaged for all sites, but distribution of the values reveals a marked heterogeneity consistent with the histologic pattern. chose a 0.5 cm diameter transducer in order to reduce the phase cancellation artifacts that occur with phasesensitive transducers7 and commercially available transducers of such small diameters are not capable of beamwidths lower than 4 mm. With a transducer with a smaller focus it would be possible to obtain the same statistical information in a smaller sample region, which would make it easier to apply this information to a setting in vivo.
Our findings are consistent with the ultrasonic patterns that have been reported as echographic features of atherosclerosis, particularly with high-resolution systems.'"12 According to our data, it is possible that this qualitative finding might ultimately be established on a more quantitative basis. The technique would be more easily applied in very superficial vessels (such as carotid bifurcation) or for intraoperatory coronary imaging, when the distorting effects of interposed tissue may be minimized. The more attractive possibility of detection of otherwise ultrasonically "silent" lesions (overlapping with the value of integrated backscatter) remains to be evaluated.
Atherosclerotic disease is not characterized by a unique trend toward increased reflectivity that parallels increased pathologic involvement, as is the case, for instance, for some types of cardiomyopathy (in which normal myocardial tissue is progressively replaced by fibrosis and calcification).14 Of the three major constituents of the plaque, fibrosis and calcium Vol. 74, No. 5, November 1986 increase the reflectivity value, while fatty tissue tends to lower it.3 It is therefore conceivable that in the wide variety of pathologic situations occurring in vivo, there might be frequent cases in which a parameter of frequency distribution provides more information than an absolute value of integrated backscatter.
We conclude that our technique is a new potential tool for the characterization of the atherosclerotic process, and might be of help in the identification of less obvious forms of the disease. Also of note is that more sophisticated textural information may be obtained from an ultrasonic image by the evaluation of the spatial gray-level distribution within a region of interest.2 Further studies are needed to establish this point.
